We have performed an inclusive spectroscopy of 122 Sn(d, 3 He) reaction near the pion emission threshold at an incident energy of T d = 250 MeV/nucleon. The first experiment aims as devloping the high precision spectroscopy of pionic atoms at the RI beam factory (RIBF) of RIKEN, which leads to a new project, pionic Atom Factory project (piAF) to measure pionic atoms for a wide range of elements. We report the analysis status of the pilot experiment.
Introduction
In order to understand the non-perturbative aspects of the QCD in the low energy region, it is important to understand the chiral SU(3) dynamics where hadrons behave as the degree of freedom. The chiral symmetry is spontaneously broken and is parametrized by chiral condensate, which varies as a function of the temperature and the density of the medium [1, 2] . Among experimental approaches to study chiral symmetry and its spontaneous breaking, in-medium spectroscopy of hadrons has been playing an important role. One of the preceding works is a high precision spectroscopy of deeply bound pionic atoms in (d, 3 He) reactions at GSI [3] [4] [5] [6] . Thecondensate at the normal nuclear density is found to be ∼ 30 % smaller than in vacuum [6] [7] [8] . Although the evaluation is still associated with large statistical and systematic errors, precision spectroscopy of in-medium hadrons proved itself capable of setting constraints on the dynamically-breaking chiral symmetry. Now, we performed an experiment to measure pionic atoms at RIBF for the first time. The employed reaction was 122 Sn(d, 3 He) to produce pionic 121 Sn atoms. According to theoretical works, we expect observation of (1s) π state as a distinct peak in the excitation spectrum.
We will report here the present status of the spectral analysis and future perspectives. 
Experiment
Comparing facilities RIBF and GSI from the viewpoint of pionic atom spectroscopy, the largest advantage of RIBF is its high intensity primary beam. RIBF has a DC continuous beam with an intensity of 10 12 /s while GSI provides 10 11 /spill with the duty factor of 16%. Thus, effectively, we have more than 10 times higher intensity in RIBF, which allows adoption of thinner target leading to better resolution potentially. The largest problem of the RIBF is the intrinsic beam momentum spread which is evaluated to be ∼ 0.1% and the corresponding resolution was estimated to be ∼ 1 MeV (FWHM). Comparing to GSI, the resolution is more than twice worse.
In order to achieve better resolution eliminating the contribution from the beam momentum spread, one way is to reduce the beam momentum spread using slits at a dispersive focal plane. This will result in activation of the facility and will reduce the beam intensity. We have developed another way by constructing a special beam optics. The incident beam momentum spread is analyzed on the target with a dispersion matching condition to a central focal plane, and the contribution from the momentum spread is eliminated from the focal plane spectra.
Pilot Experiment
In order to demonstrate the feasibility and establish the necessary experimental conditions, we performed a pilot experiment. This R&D effort involves many aspects including beam track calculations in the accelerators, beam optics, detectors, and electronics. The pilot experiment was carried out in October 2010 for the data taking period of three days aiming at (i) test of the detector performance under extremely high rate conditions of ∼ 30 MHz, (ii) investigation of the spectral resolution, and (iii) overall test of the conditions of systematic studies of pionic atoms. Our goal was the world highest spectral resolution of ∼ 400 keV (FWHM) with a high intensity beam of ∼ 10 12 deuterons/sec. Figure 1 depicts a schematic view of the RIBF facility [9] . The deuteron beam is accelerated by the SRC cyclotron to T d = 250 MeV/nucleon with the maximum intensity of ∼ 10 12 /s. We placed a 122 Sn target with the thickness of 10 mg/cm 2 at the target position. 3 He particles emitted in the (d, 3 He) reaction are momentum-analyzed by the first part of the BigRIPS beamline used as a magnetic spectrometer. The central focal plane (F5) is set to be a dispersive focal plane with the dispersion of about 6 m. A set of two multi-wire drift chambers are installed at F5 to measure the 3 He tracks. The second part is used mainly for particle identification purposes. We installed two sets of scintillation counters at F5 and F7 to measure the energy loss of particles and the time of flight (TOF) between the F5 and F7 focal planes. The instantaneous particle rate at the F5 scintillation counters amounted to ∼ 35 MHz mainly due to the breakup reaction of the deuteron beam in the target.
The trigger for the data acquisition system is provided by the scintillation counters. We have adjusted the coincidence between F5 and F7 scintillation counters to apply rough selection of particles based on the TOF. The coincidence trigger rate was suppressed to less than 100 Hz. Figure 2 shows the particle identification performance of the detector system. The abscissa is the measured energy loss in the scintillation counter at F5 and the ordinate is the TOF measured between the F5 and F7 scintillation counters. As clearly seen, 3 He is identified without any contamination. Figure 3 shows the measured acceptance-corrected spectrum of the (d, 3 He) reaction at T d = 250 MeV/nucleon. The spectrum reprents the data accumulated in a 16-hour measurement. We still need to finalize the calibrations of the the 3 He energy and the cross section of the reaction. Thus, both abscissa and the ordinate are still preliminary and will be adjusted once the analysis is finalized.
Experimental Results
The overall structure of the spectrum is understood by comparison to the previous experiments and to the theoretical predictions. We see a continuum ranging from left side below about 355 MeV 3 He kinetic energy which is attributed to quasi-free pion production. The three peaks observed in the 01013-p.2 Fig. 1 . A schematic view of the experimental site, RIBF [9] . The T d = 250 MeV/nucleon deuteron beam is accelerated by the cyclotron SRC and impinges on the target. The 3 He particles are momentum analyzed and measured at the dispersive focal plane F5. The F5-F7 section is used for particle identification purposes. energy region between 357 and 362 MeV are due to the first experimental observation of pionic 121 Sn atoms. The properties of the three peaks are being discussed. Figure 4 depicts the reaction angle at the target vs. the roughly calibrated energy. This is the first observation of the angular dependence of the pionic atom formation cross section in the (d, 3 He) reaction. Figure 5 shows the measured roughly acceptance-corrected position spectrum with the condition of < 15 mrad for the reaction angle. The peaks to the left are smaller compared to the right-most peak. Figure 6 shows the theoretically calculated Q-value spectrum of the (d, 3 He) reaction assuming an experimental resolution of 150 keV (FWHM) [10] is not included in the calculation. Overall structures in the figures agree well, and the most prominent peak is assigned to a configuration of (1s) π ⊗ (3s 1/2 ) n − 1 .
Conclusion and Future Perspectives
We have successfully observed for the first time a spectrum of 122 Sn(d, 3 He) reaction near the π − emission threshold at an incident deuteron energy of 250 MeV/nucleon. The spectrum was measured at RIBF. The BigRIPS beamline was used as a forward angle spectrometer. The large acceptance of BigRIPS allowed the first measurement of the angular dependence of the pionic-atom formation cross section by using the (d, 3 He) reaction. The overall experimental resolution is estimated to be similar to the value of 400 keV (FWHM) previously achieved at GSI. A simple estimation of the resolution would exceed 1 MeV due to the incident beam momentum spread of 0.1 % which is a factor of three worse than GSI. The achievement of 400 keV is due to development and application of a dispersion matching beam optics.
We observed 121 Sn − 1s pionic atom as a distinct large peak and the 2s also as a small peak. We are presently working on higher-order aberration corrections of the beam optics, acceptance correction, and calibration of the spectra. The information on the binding energies and widths will be deduced in the extensive analysis that follows.
Note that the spectrum presented in this report was measured in a very short time of 16 hours. The experiment revealed the potential capability of the RIBF facility as a pionic-atom factory to cover 01013-p.4 
